Global patterns of biodiversity reflect both regional and local processes, but the relative importance of local ecological limits to species coexistence, as influenced by the physical environment, in contrast to regional processes including species production, dispersal, and extinction, is poorly understood. Failure to distinguish regional influences from local effects has been due, in part, to sampling limitations at small scales, environmental heterogeneity within local or regional samples, and incomplete geographic sampling of species. Here, we use a global dataset comprising 47 forest plots to demonstrate significant region effects on diversity, beyond the influence of local climate, which together explain more than 92% of the global variation in local forest tree species richness. Significant region effects imply that largescale processes shaping the regional diversity of forest trees exert influence down to the local scale, where they interact with local processes to determine the number of coexisting species.
climate effect | forest dynamics plots | global biodiversity | latitudinal gradient | tree species richness E cologists generally agree that large-scale patterns of diversity reflect a balance between regional processes of species production, extinction, and dispersal, on one hand, and within-region sorting of species based on adaptations to physical conditions of the environment, as well as competition among species for limiting resources, on the other hand (1) (2) (3) (4) . Nonetheless, the spatial scale down to which region effects extend has not been well resolved (5-7), but has wide-ranging implications for understanding the origins of patterns in local species richness. If the species richness of a local assemblage were strictly limited by competition and other local interactions among populations, new species could not be added without others being forced out, and we would expect to find a common relationship between diversity and local environmental conditions across regions (6) . However, if unique historical and biogeographic features of each region influenced within-region diversification and extinction (8) (9) (10) , these regionspecific effects might contribute to the global pattern in local species richness. Efforts to disentangle these effects have met with limited success and have led to a long-standing discussion of the relationship between local and regional diversity (6, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
Analyses designed to distinguish local and regional influences on diversity have found strong region effects in some cases (8, 22) and weak or nonexistent region effects in others (15, (23) (24) (25) . However, most studies that failed to find significant region effects either have addressed large, biologically heterogeneous samples, or they have used local samples (e.g., 0.1-ha "Gentry" plots) that are too small to characterize the diversity of local assemblages adequately (26, 27) . Additionally, many large-scale samples have been compiled from maps generated from presenceonly museum records or from coarse-scale atlases that document the extent of species occupancy, not actual local occurrence. Such data often undercount local species richness. Moreover, many tests of the diversity-environment relationship have analyzed data on local communities that extend over broad ranges of ecological conditions (e.g., tropical rainforests to arctic tundra and hot deserts; ref. 25 ) with a range of biomes and vegetation types unevenly represented among regions. These sampling issues have confounded the testing of region effects.
In this study, we analyze a dataset of tree species richness from the Center for Tropical Forest Science-Forest Global Earth Observatories (CTFS-ForestGEO; www.forestgeo.si.edu/; ref. 28) to disentangle the influences of local climate and regional factors, i.e., differences between regions resulting from unique histories and geographic settings, on the global biodiversity pattern. The data represent 47 forest dynamics plots distributed worldwide ( Fig. 1) with a median size of 25 ha, within which all individual trees equal to or greater than 1 cm diameter at breast height (DBH) were identified and counted (SI Appendix, Table  S1 ). Plots of this size are large enough to include adequate samples of species richness, but small enough to avoid substantial heterogeneity in climate and vegetation structure within them. The CTFS data are complete censuses, and the species richness in each plot is accurate. Many previous studies have been based on data from herbarium records of coarse-scale species range maps, and species richness is generally underestimated, considerably so in some cases. Moreover, the forest plots represent a single vegetation type surveyed over a range of environmental conditions. We assembled for each plot a set of local plot characteristics and climate data, and used generalized linear models to characterize the relationship between number of tree species and local plot variables and to test the additional statistical effect of region on local species richness. Our analyses were repeated for species richness with tree DBH ≥ 1 cm and DBH ≥ 10 cm.
Results
Differences between continental-scale regions ("region effects") alone explained 73% of the variance in species richness among plots for both DBH ≥ 1 and DBH ≥ 10 cm ( Fig. 2 and Table 1 ).
Significance
The number of species in local ecological assemblages is constrained by competition and other local interactions between populations. However, ecologists have not agreed on the degree to which the unique history and geography of continental regions also influence local species richness. Here, based on forest plots distributed throughout the world, we show that the species richness of forest trees varies among continental regions independently of local climate. In particular, forest plots in Europe and North America contain fewer species than expected from the statistical relationship of diversity to present-day local climate. Thus, the number of species co-occurring locally reflects, to a significant extent, region characteristics, including geographic and geologic history, that influence evolutionary diversification and regional extinction.
Because region effects are confounded with local climate and habitat attributes, we further included climate and additional local plot variables listed in SI Appendix, Table S1 and selected among these full models by a stepwise procedure. The "best" model selected by the Akaike Information Criterion (AIC) for each DBH class is presented in Fig. 3 and Table 2 . Although the influence of individual climate variables can be complex, the overall results are consistent and clear: The models for DBH ≥ 1 and DBH ≥ 10 cm retain a reduced set of local climate variables, in addition to sample size per plot (number of stems) and region, to explain >92% of the global variation in local tree diversity ( Fig. 3 and Table 2 ). Thus, three major sources of variation are statistically associated with local tree species richness: (i) biogeographic region, (ii) sample size, and (iii) local climate.
Significant region effects show that species richness varies among continents after accounting for the influence of local climate and plot characteristics. The unique contribution of the region effects to variation in species richness can be quantified by comparing the difference in explained variance between the full model with region effects, number of stems, and climate (R 2 = 0.931 for DBH ≥ 1 cm and 0.921 for DBH ≥ 10 cm) and the reduced model that excludes the region effects (R 2 = 0.863 and 0.821, respectively). Although the unique contribution of region amounts to only 7% and 10% of the total variance, the unique contributions of local plot variables are also small-20% and 19%, respectively. The strong association of variation in climate with region (SI Appendix, Fig. S2 ) makes it difficult to partition the effects of each unambiguously, except to say that both make significant contributions to variation in diversity. Several of the forest plots are located on islands (Taiwan, Hainan Island, the Philippines, Borneo, New Guinea, Sri Lanka, and Puerto Rico), and we tested for an isolation effect differentiating continental and island localities. We did not detect an additional effect of isolation when region effects were considered alone ( Fig. 2 and Table 1 ). However, in the full model including climate variables, isolation (i.e., island locations) was significantly associated with lower species richness (P ≤ 1.33e-03) for both DBH ≥ 1 and DBH ≥ 10 cm size classes ( Fig. 3 and Table 2 ).
The sampling effect, as measured by the number of stems in a plot, is another strong predictor of local diversity. Because plot size (area) is strongly correlated with the number of stems (R 2 = 0.57 for DBH ≥ 1 and 0.66 for DBH ≥ 10 cm), plot size itself was not retained as a significant effect by the stepwise model selection.
The climate variables represent two types of factors ( Fig. 3 and Table 2 ): (i) energy factors, including mean temperature of warmest quarter (BIO10) (standardized effect size,β = 0.99, P = 2.6e-05) for DBH ≥ 1 cm, and Mean temperature of wettest quarter (BIO8) (β = 1.47, P = 2.5e-04) for DBH ≥ 10 cm; and (ii) climate seasonality factors (variability in temperature and water availability), including isothermality (BIO3: reduced temperature seasonality) (β = 1.25, P = 1.4e-05) and precipitation seasonality (BIO15) (β = −0.65, P = 1.3e-03) for DBH ≥ 1 cm, and these same two factors withβ = 1.37 (P = 7.0e-05) andβ = −0.84 (P = 3.9e-04), respectively, for DBH ≥ 10 cm. Although the effect of specific (Table 1) and their 95% confidence intervals for DBH ≥ 1 cm (Left) and 10 cm (Right), respectively. The regional effects models explain 73.3% of variation in richness with DBH ≥ 1 cm (i.e., R 2 = 0.733; Left) and 72.6% of variation in richness with DBH ≥ 10 cm (Right).
climatic variables on species richness can differ, both higher temperature (BIO8 and BIO10) and isothermality (BIO3) are associated with higher local plot diversity. Precipitation seasonality (BIO15), for which high values are associated with prolonged dry seasons, is associated with reduced tree species richness. Actual evapotranspiration (AET, a measure of water flux) and potential evapotranspiration (PET, a measure of thermal input) were not retained as significant independent variables in the multiple regressions in our study although they are positively correlated with species richness in some analyses (23, 25) . However, because variation in evapotranspiration across the CTFS plots is strongly correlated with mean temperature of the warmest quarter (BIO10) (R 2 = 0.59 for AET; R 2 = 0.55 for PET), mean temperature of wettest quarter (BIO8) (R 2 = 0.59, 0.41), and isothermality (BIO3) (R 2 = 0.50, 0.50), our results support these previous studies. Similarly, although the number of tree species decreased with increasing absolute latitude north or south of the equator (SI Appendix, Fig. S3 ; R 2 = 0.77 for DBH ≥ 1 and R 2 = 0.74 for DBH ≥ 10 cm), latitude per se was not retained under stepwise model selection because of its close correlation with climate variables: isothermality (R 2 = 0.75), mean temperature of wettest quarter (R 2 = 0.47), and mean temperature of warmest quarter (R 2 = 0.58), respectively. Finally, we note that topographic variables (i.e., elevation and elevation range within a plot) were not significant effects for either the 1-cm DBH or the 10-cm DBH size class. Thus, within-plot habitat variation probably does not strongly influence the species richness of local assemblages, at least among these forest plots in the context of global variation.
Discussion
Global patterns of biodiversity continue to attract attention (2, 25, (29) (30) (31) , but the relative influence of historical and regional factors versus local habitat and climate on global variation in taxonomic diversity remains controversial. The problem derives to some degree from incomplete and heterogeneous diversity data, uncertainties about the regional distributions of species, and inconsistencies in sampling scale. We have tried to circumvent these issues by relating local diversity in plots of similar size, whose tree diversity has been assessed by identical census methods, to a widely used set of climate variables in addition to region and plot-specific traits. The local tree taxonomic diversity of the 47 plots included in this study showed a clear global pattern, exhibiting the typical latitudinal gradient of declining values away from the equator (SI Appendix, Fig. S3 ), which parallels gradients in several climate variables. In addition, our analyses show that differences in tree species richness between regions, presumably related to their unique history and physiography (32-34), contribute substantially to global variation in local tree species richness in forested habitats.
The most consistent effects of Region were the low climateand stem density-adjusted species richness for both DBH ≥1 and ≥10 cm trees in the three European plots and the North American forests compared with forests in temperate Asia (Fig.  3) . (35) , and the geographic complexity of temperate eastern Asia, providing more opportunity for species formation (8) . It is striking that the effect on species richness of regional processes appears to extend down to the local scale, emphasizing the spatial and temporal continuity of pattern and process (36) . The effect of isolation on the local diversity of forests on several islands around the globe is also evident in our analyses.
African forests are considered to be less diverse than tropical Asian and tropical American forests (37) (38) (39) (40) ; however, the African forests represented in the CTFS forest plots have comparable species richness to those elsewhere. Possibly the few African plots were selected for their high diversity compared with drier forests elsewhere on the continent. The climate variables at the African CTFS sites group closely with those at the tropical Asian and Neotropical sites (SI Appendix, Fig. S2 ). Given the matching climates at the tropical sites, and acknowledging the small number of selected African plots, the CTFS plots provide no evidence of region effects influencing the diversity of trees across the tropics.
Variation in AET, which is associated with habitat productivity, and PET, which measures the heat load (water evaporation potential) of the environment, are often associated with variation in regional species richness (e.g., refs. 23 and 25). However, in the presence of other related climate variables, AET and PET were not retained by our model selection. Our results suggest that tree species richness is influenced by energy and water flux through the environment (and their synergetic combination), as reflected by the variables our models selected (e.g., BIO8, mean temperature of wettest quarter; and BIO10, mean temperature of warmest quarter). However, some climate variables, such as BIO3 (isothermality = daily temperature range divided by the annual temperature range) and BIO15 (precipitation seasonality), which are not correlated with AET and PET across the forest locations, are retained in our models for forest tree species richness. This result suggests that energy and water alone are probably not sufficient predictors; absence of seasonal variation in energy (BIO3) and water (BIO15) also plays an important role in determining the global richness pattern, consistent with the analysis of Kreft and Jetz (25) .
Finally, although it is clear that regional processes, along with variation in climate and sample size, jointly explain variation in local diversity of forest trees, it is important to note the difficulty of separating these effects statistically. Climate variables show strong latitudinal gradients, which are associated with the pervasive pattern of decreasing diversity with increasing latitude (SI Appendix, Fig. S3 ), and they also differ consistently between regions at the same latitude, particularly within temperate latitudes The log link function is logðμÞ = βx, where β is the vector of regression coefficients (including the intercept) and x is the character region variable (Africa, Europe, Nearctic, Neotropical, Temperate Asia, Tropical Asia). Because the variables have been standardized to a range of 0-1, the β coefficients are standardized effect sizes. The region effects were coded in reference to the Neotropical forests (the intercept). Compared with the baseline forests, European, North American, and Temperate Asian forests have reduced tree diversity.
(SI Appendix, Fig. S2 ). Because the forest plots in each region are distributed across a unique range of climate variables, the qualitative variable region is redundant, to some degree, on the quantitative climate variables, and region effects per se tend to be obscured in multiple regression models. Previous studies failing to find region effects at the local scale may have confounded region and climate in their analyses.
Differences in diversity between regions, independent of present climate, are broadly appreciated and are generally attributed to region size and unique history and geography (8, 32, 33, 40) , including the recent influence of Pleistocene glaciations (10, (41) (42) (43) at temperate latitudes. Regional diversity is built up through an excess of species formation over extinction. The rates of both these processes presumably vary among regions owing to differences in their size and geographic complexity, leading to different regional levels of diversity (32) . How species are sorted within regions, which establishes patterns of local (alpha) diversity and turnover of species between locations (beta diversity), should depend on how populations interact, primarily through competition for resources, which can also promote evolutionary diversification over environmental gradients. The strong statistical influence of region on local species richness suggests that membership in local communities is not limited locally, but rather responds to regional pressures of species production and the spread of populations within regions to occupy extended geographic areas and ranges of ecological conditions. Local diversity is the outcome of complex interactions of local and regional processes, as emphasized by the present analysis. The ambiguity of the local-regional relationship in the ecological literature arises, in large part, from the difficulty of separating processes acting on local and regional scales. This problem is exacerbated by the uneven sampling effort associated with much empirical data, which typically have been gathered for other purposes, and by the unique climate variables associated with each biogeographic region. Nonetheless, understanding the nature of the local-regional diversity relationship is essential for ecologists seeking to integrate theory addressing the maintenance of diversity at the local community scale, including species-habitat relationships and species interactions, and at the regional level, including continental-scale attributes that influence species formation and extinction.
Materials and Methods
Since the early 1980s, when Steven Hubbell established the first 50-ha plot on Barro Colorado Island, Panama (44, 45) , the CTFS of the Smithsonian Institution has developed a global network of forest plots across Africa, Europe, Asia, and the Americas. The network comprises of more than 60 plots within which it monitors approximately 6 million free-standing trees/ shrubs with DBH ≥ 1 cm, belonging to nearly 10,000 species. We compiled species richness data for 47 of these plots ( Fig. 1 and SI Appendix, Table S1 ). Most of the plots are 5-50 ha in area and contain an average of 1.1 × 10 5 individuals (≥1 cm DBH) and 1.4 × 10 4 individuals (≥10 cm DBH). We analyzed the data for the two size classes of individuals separately; the ≥1 cm (Table 2 ) and their 95% confidence intervals for DBH ≥ 1 cm (Left) and 10 cm (Right), respectively. Neotropical sites define the baseline for the region effects. (Lower) Relationships between the observed species richness and the richness predicted from the corresponding generalized linear models for the two DBH classes. If the models predicted species richness perfectly, the points would fall on the diagonal lines.
DBH data include the ≥10 cm DBH data and, thus, are not completely independent.
Most of the plot data were accompanied by local measurements of the physical environment: elevation, annual precipitation, mean annual temperature, and number of dry months (SI Appendix, Table S1 ) (28) . For each of the 47 plots, we also downloaded climate variables from www.worldclim. org/bioclim, a dataset widely used for ecological niche modeling (46, 47) . The 19 bioclimatic variables, BIO1-BIO19, describe average temperature and precipitation, and seasonal variation in temperature and precipitation (48) . A canonical correlation analysis between 14 nonredundant bioclimatic variables (SI Appendix, Table S1 ) and the locally measured climate variables yielded three significant canonical correlations with adjusted R 2 values ranging from 0.989 (with local mean annual temperature) to 0.682 (local number of dry months) (SI Appendix, Table S2 ). Thus, the bioclimatic variables, which were available for all of the plots, provide an adequate description of the local climate, particularly temperature. Accordingly, the explanatory variables included in this analysis were as follows:
(i) Local plot characteristics: latitude; plot area; number of stems; elevation; elevation range within each plot, which is related to local heterogeneity (49), although additional heterogeneity related to variation in soils (50) is not accounted for in this analysis.
(ii) Local climate variables: the 19 bioclimatic variables (48) plus AET and PET (compiled from the Global Evapotranspiration and Water Balance Data Sets of Ahn and Tateishi; ref. 51) . Because some of the bioclimatic variables, AET, and PET are highly intercorrelated, we excluded variables having pairwise Pearson correlation coefficients > 0.95 to avoid collinearity. Twelve bioclimatic variables plus AET and PET were finally included in our analyses (SI Appendix, Table S1 ).
(iii) Region: a character variable indicating tropical Africa, temperate Europe, tropical Asia, temperate Asia, tropical America (Neotropics), and Nearctic (North America). We conducted additional analyses with the Nearctic separated into eastern and western temperate North America, but obtained almost identical results. The models without separation were slightly favored by AIC and are therefore reported in this study.
(iv) Isolation: plots on islands (Taiwan, Hainan Island, the Philippines, Borneo, Puerto Rico, Sri Lanka, and New Guinea) were coded as island (isolation) in contrast to the continental plots (nonisolation).
Plot area and number of stems were log-transformed to account for power relationships with species richness. All other numeric variables (x) were standardized to 0-1 range by (x − x min )/(x max − x min ).
Because species richness values for the 47 plots exhibit a negative binomial distribution (SI Appendix, Fig. S1 ), we used negative binomial generalized linear models with a log link function to model richness as a function of the region effects, isolation, stem density, areal effect, and local climatic and environmental variables. We initially modeled species richness as a function of region ( Fig. 2 and Table 1 ). Because the six regions can be distinguished by different climate conditions (SI Appendix, Fig. S2 ), region effects can be confounded with local climate and habitat conditions. Accordingly, we extended the region effects model to include all of the local climate and plot variables listed in SI Appendix, Table S1 .
A stepwise selection procedure was used for model selection based on AIC. The importance of a variable can be evaluated by comparing a full model that includes all related variables and a reduced model excluding the variable, or variables, of interest. The deviance difference between the two models follows a χ 2 distribution.
Statistical analyses in this study were conducted by using R (www.r-project. org/). The function "glm.nb" in the package MASS was used to model the negative binomial generalized linear models. The log link function is logðμÞ = βx, where β is the vector of regression coefficients (including the intercept) and x is the vector of explanatory variables. The region effects were coded in reference to the Neotropical forests (the intercept). The effect of island (i.e., isolation effect) is in reference to the mainland plots; −0.407 for the island plots (for DBH ≥ 1 cm) indicates that species richness on islands is significantly (P = 0.0005) lower than that in the mainland plots (given that the effects of other variables were accounted for). The model was selected by stepwise procedure using the criterion of AIC. Table S1 . Plot characteristics and local climate variables. Species richness data for 47 plots, including plot location and characteristics and the associated 19 bioclimatic variables, are presented in Table S1 . 
Region effects influence local tree species diversity

